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INTRODUCTION 
 

Toward the objective/hypothesis of obtaining additional diagnostic 
and prognostic insight through the analysis of tumor-related DNA integrity 
and methylation in patient serum, we continue to procure prostate patient 
specimens and develop optimized assessment assays.  We have utilized 
prostate cell lines and tumor specimens for the assay optimization and 
validation.  

In this second program year, we have focused on the following: 1) 
Optimized Alu DNA integrity assay in cell lines and tumors. Challenges 
with the multifocality of the tumor were overcome to establish a valid 
assessment assay using a quantitative direct assay to determine its 
clinical utility; we were not able to assess the serum with this assay 
during the year. 2) LINE 1 and uLINE 1 assays were optimized and used in 
the assessment of serum from 57 PCa patients and 25 normal healthy male 
with significant findings. 3) We will determine the combined clinical 
utility of the three circulating serum tumor-related DNA markers in 
monitoring patients’ response to treatment. The long-term goal is to 
validate the clinical utility of these markers. 
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BODY 
 

In the second year of the proposal period, we continue to accrue PCa 
patients and normal donor serum for the study with an IRB approved 
protocol.  As outlined in Task 1, samples are continuing to be collected, 
coded, logged into a database, processed for serum and quality assured.  
Task 1 will be ongoing until we reach our proposed sample numbers. Some of 
these samples have been used in pilot studies of the various assays 
proposed. 
 

Optimization of methylation of biomarkers has been performed on 
normal serum, tissues and cell line dilution studies. Available paraffin-
embedded (PE) PCa tissue samples were H&E stained, laser microdissected 
with assistance from a pathologist and assessed using our methylation 
assay to verify results.  We have demonstrated proficiency in DNA 
extraction from micro-dissected tumor tissues and adjacent normal tissues. 
We have employed our new technique of on-slide bisulfite technique to 
assess very small tumor lesions. This allows analysis without loss of DNA 
during bisulfite treatment of paraffin embedded tissue sections. This has 
allowed us assessment of a small number of tissue sections which was 
previously very difficult. Multifocal and single tumor lesions were 
assessed for presence of methylation biomarkers. Tumor heterogeneity of 
lesions within an individual patient was assessed in detail to determine 
level of significance among biomarkers. New biomarkers have been assessed 
and optimized such as estrogen receptor, WNT pathways, and RASSF1A. We 
have demonstrated heterogeneity in multifocal lesions in patients with 
radical prostectomies. These results are being used to assess the 
prominent biomarkers in serum.   
 

As reported in our last progress report, we have developed the uLINE1 
AQAMA assay for the assessment of PCa patient serum. The results of the 
pilot study of 18 prostate cancer PE tissues with matched adjacent normal 
tissues led to the optimization of the assay for serum assessment. As 
reported, we had great success in establishing the sensitivity and 
specificity. Although the sample size is still small at 57 prostate cancer 
patients, the LINE 1 assay has demonstrated its usefulness in 
discriminating between serum samples of cancer patients and normal male 
healthy volunteers. 

 
We have devised several ways of interrogating the clinical samples 

using LINE1 assay. We first investigated the LINE1 hypomethylation index to 
differentiate the clinical specimens of patients with various stages of 
disease. Figure 1 shows the mean hypomethylation index value of patient 
serum samples were significantly higher than normal healthy males(p=0.002).  
Then we quantified the LINE1 copies found in serum samples and found that 
the difference between normal males and Stage IV patients was significant 
(p=0.019)(Figure 2). Lastly, we investigated the copy number of 
unmethylated LINE1 in the serum and again found the difference between 
Stage IV patients and normal healthy male to be significant 
(p<0.0001)(Figure 3). Table 1 contains the clinicopathological 
characteristics of the PCa patients studied  
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Figure 1  
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Figure 3 
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Table 1 

Table 1. Clinicopathological characteristics of  
primary prostate cancers (n = 57) 

       
 Variable Number of patients (%) 
             
       
 Sex     
  male  57 (100)  
  female  0 (0)  
 AJCC stage    
  I  2 (4)  
  II  4 (7)  
  III  5 (9)  
  IV  46 (81)  
 Gleason Score    
  5  4 (9)  
  6  1 (2)  
  7  22 (48)  
  8  7 (15)  
  9  11 (24)  
  10  1 (2)  
 PSA    
  <= 4 ng/ml  13 (23)  
  >4 ng/ml  43 (77)  
  mean  110.6   
 Age mean  68.1   
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We plan to continue our efforts both in the sample accrual, new 

biomarker development and assay sensitivity improvement.  We are currently 
assembling the data collected so far for the LINE1 assay in a manuscript 
for submission to a peer review journal within several months. Refer to 
the grant tasks itemization and list for our future direction.  
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KEY RESEARCH ACCOMPLISHMENTS 
 

1. PCa patient accrual for serum. 
2. Normal healthy donor serum accrual for serum. 
3. Database constructed and utilized to keep track of samples. 
4. Clinical data recorded and collected in the database. 
5. Blood is processed for serum; DNA is extracted and quantified 
6. LINE1 methylation biomarkers in serum are detected. 
7. LINE1 methylation biomarkers assessed and optimized for detection in  
serum. 
8. LINE1 methylation biomarkers optimized for specificity and sensitivity. 
9. LINE1 data showed significance in clinical samples. 
10. Preparation of manuscript on LINE1 assay in patient serum 
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REPORTABLE OUTCOMES 
 
We have one manuscript published during this grant period.  
 
Sunami E, Shinozaki M, Higano CS, Wollman R, Dorff TB, Tucker SJ, Martinez 
SR, Mizuno R, Singer FR, Hoon DS. Multimarker circulating DNA assay for 
assessing blood of prostate cancer patients.Clin Chem. 2009 Mar;55(3):559-
67. Epub 2009 Jan 8.Erratum in: Clin Chem. 2009 Jun;55(6):1258. Mizuno, 
Ryuich [added]. 
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CONCLUSIONS 
 

The planned studies are being conducted according to the approved schedule 
as delineated in the protocol. The studies are very important in that 
having developed a sensitive molecular blood test for prostate cancer 
patients will improve current approaches of watchful waiting for disease 
recurrence. We have made major strides in developing biomarker detection 
in paraffin-embedded tissue sections of single and multilesion prostate 
cancers. This has aided us significantly in identifying candidate serum 
methylation biomarkers.      
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Sunami E, Shinozaki M, Higano CS, Wollman R, Dorff TB, Tucker SJ, Martinez 
SR, Mizuno R, Singer FR, Hoon DS. Multimarker circulating DNA assay for 
assessing blood of prostate cancer patients.Clin Chem. 2009 Mar;55(3):559-
67. Epub 2009 Jan 8.Erratum in: Clin Chem. 2009 Jun;55(6):1258. Mizuno, 
Ryuich [added].  
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Multimarker Circulating DNA Assay for Assessing Blood of
Prostate Cancer Patients

Eiji Sunami,1 Masaru Shinozaki,1 Celestia S. Higano,3 Robert Wollman,4 Tanya B. Dorff,5 Steven J. Tucker,6

Steve R. Martinez,1 Frederick R. Singer,2 and Dave S.B. Hoon1*

BACKGROUND: Prostate cancer (PCa) detection using
serum-based prostate specific antigen (PSA) is limited
by frequent false-positive and -negative results. Ge-
netic aberrations such as allelic imbalance (AI) and epi-
genetic changes such as promoter hypermethylation
have been detected in circulating DNA of cancer pa-
tients. We hypothesized that circulating multimarker
DNA assays detecting both genetic and epigenetic
markers in serum would be useful in assessing PCa
patients.

METHODS: We assayed blood from healthy male donors
(n � 40) and 83 patients with American Joint Cancer
Committee (AJCC) stage I–IV PCa. DNA was assayed
for AI of 6 genome microsatellites. We assessed meth-
ylation of RASSF1, RARB2, and GSTP1 using a
methylation-specific PCR assay and analyzed the sen-
sitivity of each assay for the detection of genetic or epi-
genetic changes in circulating DNA. The relation be-
tween circulating tumor-related DNA detection and
prognostic factors was investigated.

RESULTS: The proportion of patients demonstrating AI
for �1 marker was 47% (38 of 81 patients). Methyl-
ation biomarkers were detected in 24 of 83 patients
(28%). By combining 2 DNA assays, the number of
PCa patients positive for �1 methylated or LOH
marker increased (52 of 83; 63%). The combined assays
detected PCa in 15 of 24 patients (63%) with normal
PSA concentrations. The combination of the DNA as-
says detected the presence of PCa regardless of AJCC
stage or PSA concentration. Combination of the DNA
and PSA assays gave 89% sensitivity.

CONCLUSIONS: This pilot study demonstrates that the
combined circulating DNA multimarker assay identi-

fies patients with PCa and may yield information inde-
pendent of AJCC stage or PSA concentration.
© 2008 American Association for Clinical Chemistry

Prostate cancer (PCa)7 is the most frequently diag-
nosed malignancy in men in the US. The 2007 esti-
mates from the American Cancer Society predicted
218 890 new cases of PCa and 27 050 deaths (1 ). Al-
though serum concentration of prostate-specific anti-
gen (PSA) remains important for prognosis and diag-
nosis (2 ), the PSA assay is not particularly accurate
(3– 6 ): up to 80% of patients with an increased PSA
concentration will have negative biopsy results, and up
to 25% of patients with a normal serum PSA (�4 �g/L)
will ultimately have biopsy evidence of PCa (7 ). Highly
specific, minimally invasive techniques that are cost ef-
fective for screening and monitoring would facilitate
earlier diagnosis of PCa and may also reduce the num-
ber of unnecessary biopsies.

The progression of PCa and other malignancies is
characterized by increased genetic and epigenetic aber-
rations not usually found in normal DNA (8 –11, 12 ).
Of particular interest is allelic imbalance (AI) in a
genomic region, which may affect cellular regulatory
genes, tumor suppressor genes, or oncogenes (13, 14 ).
An equally important epigenetic change is hypermeth-
ylation of tumor-related genes in the promoter region,
which can turn off genes and significantly affect the
initiation and progression of neoplasia (15, 16 ). Both
genetic and epigenetic changes can be measured in tis-
sue or body fluids, but only the latter specimen type is
useful for serial assessments and minimally invasive
screening (17–19 ). Thus far, however, most investiga-
tions of DNA biomarkers in patients with PCa have
focused on tissue assessment and have measured a sin-

1 Department of Molecular Oncology and 2 the Breast and Endocrine Program,
John Wayne Cancer Institute, Saint John’s Health Center, Santa Monica, CA;
3 Department of Medicine, Division of Oncology, University of Washington and
Seattle Cancer Care Alliance, Seattle, WA; 4 Department of Radiation Oncology,
Saint John’s Health Center, Santa Monica, CA; 5 The Angeles Clinic and Re-
search Institute, Santa Monica, CA; 6 Pacific Cancer Center, Paragon, Singapore.

* Address correspondence to this author at: Department of Molecular Oncology,
John Wayne Cancer Institute, 2200 Santa Monica Blvd., Santa Monica, CA

90404. Fax (310) 449-5282; e-mail hoon@jwci.org.
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capillary array electrophoresis; MSP, methylation-specific PCR; LOH, loss of
heterozygosity.
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gle type of genetic aberration using 1 platform (13,
20 –35 ).

In this pilot study, we hypothesized that a dual-
assay system based on both genetic and epigenetic al-
terations in multiple microsatellite and methylation
markers would be more sensitive for detection of PCa
than a single-assay, single-marker approach. We as-
sessed AI and hypermethylation in circulating DNA
from the serum of patients with American Joint Cancer
Committee (AJCC) stage I, II, III, and IV PCa. AI at loci
on chromosomes 6q, 8p, 9p, 10p, and 18q (13, 20 –26 )
was evaluated by assessing loss of DNA microsatellites.
The epigenetic biomarkers evaluated were 3 tumor
suppressor genes that are frequently hypermethylated
in PCa: GSTP1 (glutathione S-transferase �1),8 RARB2
(retinoic acid receptor �, variant 2), and RASSF1 [Ras
association (RalGDS/AF-6) domain family member 1]
(28 –34 ).

Materials and Methods

SPECIMEN COLLECTION AND DNA ISOLATION

Institutional Review Board approval was obtained
from John Wayne Cancer Institute at Saint John’s
Health Center, Santa Monica, CA, and the University
of Washington, Seattle, WA. All patients provided
signed, written informed consent to participate in this
study. We enrolled 83 patients receiving treatment for
PCa at John Wayne Cancer Institute, The Angeles
Clinic and Research Institute, and the University of
Washington. Patient characteristics are presented in
Table 1. PCa patients represented AJCC stage I (n � 3),
stage II (n � 15), stage III (n � 7), or stage IV (n � 58).

We collected 10 mL blood from each patient in a
serum separator tube and processed it immediately as
follows: separated by centrifugation (1000g, 15 min),
filtered through a 13-mm serum filter (Fisher Scien-
tific), separated into aliquots, and cryopreserved at
�80 °C. DNA was extracted and processed from serum
as previously described (36 ). Briefly, 500 �L of serum
was diluted with 0.9 mol/L NaCl2, SDS, and proteinase
K (Qiagen) and incubated at 50 °C for 3 h. An equal
volume of phenol– chloroform–isoamyl alcohol
(25:24:1) was then added and the sample was vortex-
mixed vigorously. After centrifugation at 1000g for 10
min, the aqueous layer was collected. DNA was precip-
itated using pellet paint NF coprecipitant (Novagen)
and isopropanol (36 ). Extracted DNA from serum was

subjected to sodium bisulfite modification (17 ).
Briefly, DNA from 500 �L of serum was supplemented
with 1 �g salmon sperm DNA (Sigma) and denatured
in 0.3 mol/L NaOH for 3 min at 95 °C. Overall, 550 �L
of a 2.5 mol/L sodium bisulfite and 125 mmol/L hydro-
quinone solution were added. Samples were incubated
in the dark for 3 h at 60 °C. Salts were removed using
the Wizard DNA Clean-Up System (Promega) and
desulfonated in 0.3 mol/L NaOH at 37 °C for 15 min.
Modified serum DNA was prepared and stored at
�30 °C. We performed DNA quantification on all se-
rum specimens using the PicoGreen quantification as-
say (Molecular Probes) (17 ).

Genomic DNA isolated from the peripheral blood
lymphocytes of all PCa patients served as internal con-
trols for AI. Additionally, DNA isolated from the se-
rum of 40 healthy donors served as normal controls for
the assessment of tumor-related gene hypermethyl-
ation. DNA quantification was performed using the
PicoGreen assay (Molecular Probes) according to
manufacturer directions. Samples were run in tripli-
cate, and the results are expressed as the mean concen-
tration for each patient.

MICROSATELLITE ANALYSIS

The following microsatellite markers and their corre-
sponding chromosomal loci were evaluated for AI:
D6S286 at 6q14, D8S261 at 8p22, D8S262 at 8p23,
D9S171 at 9p21, D10S591 at 10p15, and D18S70 at
18q23. Forward primer sets were labeled with WellRed

8 Human genes: GSTP1, glutathione S-transferase �1; RARB2, retinoic acid
receptor �, variant 2; RASSF1, Ras association (RalGDS/AF-6) domain family
member 1; CDKN2A, cyclin-dependent kinase inhibitor 2A (melanoma, p16,
inhibits CDK4) (alias, p16 ); ARF, ADP-ribosylation factor; MGMT, O-6-methyl-
guanine-DNA methyltransferase.

Table 1. Patient characteristics.

n

All patients 83

AJCC stage

I/II 18

III 7

IV 58

Gleason score

5 3

6 8

7 28

8 14

9 16

10 1

PSA, ng/mL

�4 24

�4 57

Mean 22.4

Mean age, years 70.4
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phosphoramidite-linked dye (Research Genetics, Inc.).
PCR reactions were performed in 10-�L volumes with
1 �L template for 40 cycles of 30 s at 94 °C, 30 s at 55 °C,
and 30 s at 72 °C, followed by a final extension of 7 min
at 72 °C, as described (18 ). We performed post-PCR
product separation using capillary array electrophore-
sis (CAE) (CEQ 8000XL; Beckman Coulter Inc.). AI
was defined when a �40% reduction in serum DNA
allele peak intensity was noted compared to the respec-
tive patient’s normal lymphocyte DNA allele peak us-
ing CEQ 8000XL software.

BISULFITE MODIFICATION AND METHYLATION-SPECIFIC PCR

Extracted DNA from serum was subjected to sodium
bisulfite modification (17 ). DNA from 500 �L serum
was supplemented with 1 �g salmon sperm DNA
(Sigma) and denatured in 0.3 mol/L NaOH for 3 min at
95 °C. Overall, 550 �L of a 2.5 mol/L sodium bisulfite
and 125 mmol/L hydroquinone solution were added.
Samples were incubated in the dark for 3 h at 60 °C.
Salts were removed using the Wizard DNA Clean-Up
System (Promega) and desulfonated in 0.3 mol/L
NaOH at 37 °C for 15 min. Modified serum DNA was
prepared and stored at �30 °C.

We assessed the methylation status of GSTP1,
RARB2, and RASSF1 using methylation-specific PCR
(MSP) using 2 sets of fluorescent-labeled primers specif-
ically designed to amplify methylated and unmethylated
DNA sequences, respectively. In total, 100 ng bisulfite-
modified DNA was subjected to PCR amplification in a
final reaction volume of 10 �L containing PCR buffer,
2.5–4.5 mmol/L MgCl2, dNTPs, 0.3 �mol/L primers,
0.5 U AmpliTaq gold polymerase (Applied Biosystems),
and 50 pmol of each forward (F) and reverse (R) primer
set for methylated (M) and unmethylated (U) primers as
follows: RARB2, (M) F-GAACGCGAGCGATTCGAGT
and R-GACCAATCCAACCGAAACG, (U) F-GGATT
GGGATGTTGAGAATGT and R-CAACCAATCCAAC
CAAAACAA; RASSF1, (M) F-GTGTTAACGCGTTG
CGTATC and R-AACCCCGCGAACTAAAAACGA, (U)
F-TTTGGTTGGAGTGTGTTAATGTG and R-CAAA
CCCCACAAACTAAAAACAA; GSTP1, (M) F-TTCGG
GGTGTAGCGGTCGTC and R-GCCCCAATACTAA
ATCACGACG, (U) F-GATGTTTGGGGTGTAGTGG
TTGTT and R-CCACCCCAATACTAAATCACAACA.
We carried out PCR after optimizing annealing tem-
peratures for each primer set (60 °C for RASSF1 and 59 °C
for RARB2 and GSTP1). An initial 10-min incubation
at 95 °C was followed by 40 cycles of denaturation at
95 °C for 30 s, annealing for 30 s, and extension at
72 °C for 30 s, and a final hold for 7 min at 72 °C. Sodium
bisulfite–modified DNA from healthy donors’ lympho-
cytes and �-29–treated genomic DNA served as unmeth-
ylated negative control DNA for each PCR reaction,
whereas lymphocytes treated with SssI Methylase (New

England Biolabs) followed by sodium bisulfite modifica-
tion served as positive methylated control DNA (37).
Molecular biology–grade water without DNA served as a
reagent control. Post-PCR products were separated and
assessed using CAE. CAE was performed in a 96-well mi-
croplate format, combining 1 �L of each methylated and
unmethylated PCR reaction product with 40 �L loading
buffer and 0.5 �L dye-labeled size standard (Beckman
Coulter) in a single well. Forward MSP primers were la-
beled with D4pa dye, whereas forward unmethylated spe-
cific primers were labeled with D2pa dye. This permitted
discrimination of the 2 peaks for direct comparison of
post-PCR methylated and unmethylated products in a
single run. CEQ 8000XL software was used to determine
PCR product signal intensity.

STATISTICAL ANALYSIS

Descriptive statistics, such as mean, SD, median, fre-
quency, and percentage, were used to summarize pa-
tient characteristics, AI status, and gene hypermethyl-
ation status. We used ANOVA with the Dunnett
method for posthoc testing (for continuous variables)
and the �2 test (for categorical variables) for comparing
clinical factors among tumors demonstrating AI vs het-
erozygous alleles or hypermethylation vs nonmethyla-
tion. Statistical analysis was by JMP software (SAS). All
statistical tests were 2-sided, with significant P values
�0.05.

Results

LOSS OF HETEROZYGOSITY IN CIRCULATING DNA

We evaluated the presence of AI in serum circulating
tumor-associated DNA from PCa patients using 6 mi-
crosatellite markers known to demonstrate frequent
loss of heterozygosity (LOH) in PCa. The number of
informative patient samples for any 1 microsatellite
marker ranged from 33% (27 informative patient sam-
ples) for D8S261 to 70% (58 informative patient sam-
ples) for D18S70. The most common microsatellite for
AI was D6S286, which was detected in 14 of 45 (31%)
informative patient samples. This was followed by
D8S262 (11 of 41, 27%), D8S261 (7 of 27, 26%),
D10S591 (11 of 45, 24%), D9S171 (9 of 46, 20%), and
D18S70 (11 of 58, 19%). Of patient samples with at
least 1 informative marker (81 cases), 20 (25%) had
only 1 LOH marker detected in the serum sample, 13
samples (16%) had 2 LOH markers detected, and 5
samples (6%) had 3 or more LOH markers detected.
The proportion of informative patient samples dem-
onstrating AI for �1 marker was 47% (38 of 81 patient
samples; Fig. 1A). Healthy male donors (n � 40) did
not have these specific circulating LOH markers in
their sera. Detection of AI correlated with AJCC PCa

Prostate Cancer Circulating DNA
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stage overall. There were no significant differences in
AI status between individual stages.

HYPERMETHYLATION OF TUMOR-RELATED GENES

We assessed serum circulating DNA from PCa pa-
tients for hypermethylation of the tumor-related
genes RASSF1, GSTP1, and RARB2 (Supplemental
Fig. 1, which accompanies the online version of this
article at http://www.clinchem.org/content/vol55/
issue3), which have shown to be hypermethylated in
primary prostate tumors (28 –34 ). The most frequently
detected methylated gene circulating in serum was
RASSF1, detected in 20 of 83 (24%) patient samples.
RARB2 and GSTP1 were detected in 10 of 83 (12%)
and 11 of 83 (13%) patient samples, respectively.
The proportion of patient samples demonstrating
hypermethylated circulating DNA of only 1 tumor-
related biomarker was 17% (14 of 83), whereas 4% (3
of 83) and 8% (7 of 83) demonstrated 2 and 3 hyper-
methylated DNA markers, respectively. The combi-
nation of all 3 methylation markers increased the
detection rate to 24 of 83 (29%) PCa patients (Fig.
1B). Healthy male donors did not have these specific
circulating methylated DNA markers in their sera
under optimal assay conditions.

CIRCULATING LOH AND METHYLATED DNA CORRELATION

WITH SERUM PSA

To assess the clinical relevance of AI and methylation,
we correlated LOH and hypermethylation with serum

PSA. We assessed blood drawn for serum LOH and for
serum PSA in 81 of 83 (98%) patients. No significant
differences were seen in the mean serum PSA concen-
trations among patients with AI of D9S171, D10S591,
D8S261, D6S286, D8S262, and D18S70 and heterozy-
gous patients. The mean serum PSA concentration in
patients with hypermethylated tumor-related genes
(RASSF1, RARB2, and GSTP1) was significantly higher
than in patients without hypermethylated genes (P �
0.002, 0.017, and �0.0001, respectively). Similarly, pa-
tients with �1 hypermethylated tumor-related gene
had serum PSA concentrations that were significantly
higher than patients without circulating hypermethyl-
ated DNA (P � 0.002; Fig. 2).

CORRELATION OF GLEASON SCORE WITH CIRCULATING DNA

LOH AND METHYLATION

Primary PCa tumor Gleason score also correlated with
AI and methylation status. The Gleason score was
available in 70 (84%) of 83 patients. There were no
significant differences between the mean Gleason score
in patients with AI of D9S171, D8S261, D6S286,
D8S262, and D18S70 and that of heterozygous pa-
tients. The mean PCa Gleason score in patients with
hypermethylated RASSF1, RARB2, and GSTP1 was sig-
nificantly higher (P � 0.017, 0.042, and 0.016, respec-
tively) than in patients without hypermethylated DNA.
Patients with �1 hypermethylated circulating tumor-
related gene had tumors with significantly higher Glea-
son scores than patients without hypermethylated
DNA (P � 0.019; Table 2).

CORRELATION OF AJCC STAGE WITH CIRCULATING DNA

METHYLATION

Detection of circulating methylated tumor-related
DNA also correlated with AJCC PCa stage. Circulating
methylated DNA of RARB2 and GSTP1 in serum was
more common with increasing AJCC stage. Stage IV
patients showed significantly more frequent hyper-
methylation of RARB2 and GSTP1 than stage I, II, and
III patients (P � 0.027 and 0.019, respectively). Circu-
lating methylated DNA of RARB2 and GSTP1 was not
seen in stage I, II, or III patients (Table 3).

COMBINATION OF CIRCULATING LOH AND METHYLATED DNA

Neither LOH nor hypermethylated DNA markers
alone were able to identify all patients with PCa. By
combining the 2 circulating DNA assays, the number of
PCa patients positive for �1 methylation or LOH
marker increased to 52 of 83 (63%). Of the 81 patients
with available serum PSA (closest analysis to blood
draw for DNA assays), 24 (30%) had concentrations
considered to be at low risk for a PCa diagnosis (�4
�g/L). By combining the MSP and LOH assays, we
identified 15 of 24 (63%) PCa cases not detected by
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PSA concentration alone (Fig. 3A). The dual platform
multimarker assays detected circulating tumor-related
DNA with similar sensitivity, regardless of AJCC stage.
Methylation or LOH of circulating tumor-related
DNA was detected in 18 of 25 (72%) stage I/II/III and
34 of 58 (59%) stage IV PCa patients (Fig. 3B). In 57
(70%) of the 81 PCa patients, PSA �4 �g/L was de-
tected. Overall, the combination of the DNA assays and
PSA assay positivity in the analysis of 81 PCa patients
gave a sensitivity of 89%.

Discussion

The evaluation of serum for PCa-associated genetic
and epigenetic changes has several advantages. Unlike
tissue biopsy, blood sampling is minimally invasive,
has little or no morbidity, and can be repeated to mon-
itor changes in disease or detect recurrence. Addition-
ally, the use of multiple molecular markers based on
appropriate tumor-related genes minimizes the false-

positive rate (19 ). Currently, the only blood-based PCa
screening method is serum PSA measurement, which is
limited in its utility because of the high rate of false
positives and false negatives (3– 6 ).

Our study of circulating DNA from patients with
PCa examined 6 AI markers associated with chromo-
somes 6q, 8p, 9p, 10p, and 18q. In primary PCa tissue,
AI has been reported on these chromosomes (13, 20 –
26 ) at frequencies that vary with tumor stage/Gleason
score and with assay parameters; however, very few
studies have examined AI in body fluid specimens from
patients with PCa. A recent report demonstrated 0%–
18% rates of LOH for various chromosomal loci in
plasma DNA; 44% of specimens tested positive for at
least 1 of 15 LOH markers (27 ). By comparison, 47% of
analyzed serum specimens in our study tested positive
for at least 1 of 6 LOH markers. The similar rates of
positive markers in these 2 independent multimarker
studies suggest that LOH may be detecting patients
having a specific clinical status.
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Our study also examined hypermethylation of the
promoter region for 3 tumor-related genes. GSTP1,
RASSF1, and RARB2 are reportedly hypermethylated
in 36%–99%, 53%–96%, and 53%–75% of PCa tissue
specimens, respectively (28 –34 ). GSTP1 is hyperm-
ethylated in 15%–52% of serum specimens from pa-
tients with PCa (38, 39 ), but there are no published
reports on hypermethylation of RASSF1A and RARB2

in circulating DNA. We found that GSTP1, RASSF1,
and RARB2 were hypermethylated in 13% (11 of 83),
24% (20 of 83), and 12% (10 of 83) of serum specimens
from PCa patients, respectively. In combination, the 3
markers identified 29% of patients with PCa.

Table 2. Serum methylation and AI biomarkers vs
Gleason score.

DNA marker
Mean Gleason

score (n) P

RASSF1

Methylated 8.1 (17) 0.017

Unmethylated 7.3 (53)

RARB2

Methylated 8.2 (9) 0.042

Unmethylated 7.3 (61)

GSTP1

Methylated 8.3 (9) 0.016

Unmethylated 7.3 (61)

Any methylation marker

Methylated 8 (20) 0.019

Unmethylated 7.2 (50)

D6S286

AI 7.3 (12) NSa

Rb 7.3 (26)

D8S261

AI 8.2 (6) NS

R 7.5 (18)

D8S262

AI 6.9 (9) NS

R 7.6 (23)

D9S171

AI 7.8 (8) NS

R 7.6 (29)

D10S591

AI 7.3 (9) NS

R 7.7 (28)

D18S70

AI 7.2 (10) NS

R 7.6 (42)

Any LOH

AI 7.5 (33) NS

R 7.4 (35)

a NS, not significant.
b R, allele retention.

Table 3. Methylation status and AJCC stage.

Serum DNA marker
and methylation

status

AJCC stages
I–III, n (%)
(n � 25)

AJCC stage
IV, n (%)
(n � 58) P

RASSF1

Methylated 4 (16) 16 (28) NSa

Not methylated 21 (84) 42 (72)

RARB2

Methylated 0 (0) 10 (17) 0.027

Not methylated 25 (100) 48 (83)

GSTP1

Methylated 0 (0) 11 (19) 0.019

Not methylated 25 (100) 47 (8)

Any methylation
marker

Methylated 4 (16) 20 (35) NS

Not methylated 21 (84) 38 (66)

a NS, not significant.

Total PSA <4 
ng/ml

Total PSA <4
ng/ml

Total PSA <4
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A DNA marker’s half-life and clearance from the
bloodstream may impact its clinical utility. Similar to
other malignancies, PCa is characterized by genetic and
epigenetic heterogeneity, particularly during tumor
progression (13, 23, 24, 29, 30 ). Hoque et al. (40 ) used
a 9-marker panel to detect promoter region hyper-
methylation in DNA obtained from the urine sedi-
ment of PCa patients. Although 5 of these markers
were also positive in the urine of normal controls,
the authors proposed that a combination of CDKN2A
[cyclin-dependent kinase inhibitor 2A (melanoma,
p16, inhibits CDK4); alias, p16], ARF (ADP-ribosyla-
tion factor), MGMT (O-6-methylguanine-DNA meth-
yltransferase), and GSTP1 could theoretically identify
87% of patients with PCa. While these results are im-
pressive, their diagnostic and prognostic utility re-
mains to be assessed.

The average DNA amount extracted from serum
of healthy donors was about 260 �g/L (17 ) using our
method. The amount of DNA extracted from the sera
of prostate cancer patients was 2- to 3-fold higher than
the amount from healthy donors. Therefore, for meth-
ylation analysis, lack of hypermethylation meant that
not only could we not detect any methylation peak, but
also that an unmethylated peak could be detected by
CAE; the latter is a built-in control for the presence of
DNA. In LOH analysis of circulating DNA, the detec-
tion of LOH is more difficult to assess because circulat-
ing DNA from cancer patients contains DNA from
both normal (no LOH) and cancer cells (with LOH). In
our study, neither hypermethylation nor LOH was de-
tected in circulating DNA from normal donors, con-
firming the high specificity and positive predictive
value of our dual-platform assay. To be precise, the
number of normal donors assessed was 40, so at a 95%
CI the assay has specificity between 91% and 100%. We
attempted to bring clinical relevance to our assay by
correlating genetic and epigenetic changes to known
diagnostic and prognostic factors, such as Gleason
score and AJCC stage, which are independent of serum.
We could not detect a significant correlation between
Gleason score and any AI; however, each methylation-
positive group (RASSF1, RARB2, GSTP1, and any 1
methylated marker) showed significantly higher mean
Gleason scores than each methylation-negative group
(P � 0.017, P � 0.042, P � 0.016, and P � 0.02, respec-
tively). The correlation of higher mean Gleason scores
to methylation of tumor-related genes indicates that
more advanced or aggressive tumors were likely to har-
bor these epigenetic aberrations.

We could not detect a significant correlation be-
tween PSA concentration and any AI; however, each
methylation-positive group (RASSF1, RARB2, GSTP1,
and any 1 methylated marker) showed significantly
higher mean PSA concentrations (P � 0.002, P �

0.017, P � 0.001, and P � 0.002, respectively). These
patients represent the portion of PCa cases that may be
missed if diagnosis is based on serum PSA in the ab-
sence of a palpable mass on digital rectal examination.
Among the 30% of patients with a normal serum PSA
concentration (�4 �g/L), 54% had at least 1 positive
microsatellite marker, 17% had at least 1 positive
methylation marker, and 63% tested positive for PCa
based on dual-platform assay criteria.

AI was independent of AJCC stage of PCa, possibly
because AJCC staging considers nodal and distant me-
tastasis as well as the primary tumor. Thus the primary
tumor of a patient with AJCC stage I/II PCa may have a
high Gleason score. Also, tissue studies show that AI is
often independent of AJCC T-stage but may be in-
versely linked to invasive potential (23, 29 ). In our
study, no single LOH marker identified all patients
with PCa, and no combination of LOH markers iden-
tified more than 47% of cases. In contrast, the fre-
quency of hypermethylation increased directly with
AJCC stage of disease. The observation that RARB2 and
GSTP1 were methylated only in patients with stage IV
disease is consistent with a putative role for these genes
in invasion and metastasis.

As hypothesized, the combination of LOH and
methylation assays was more informative than either
assay alone. At least 1 marker of LOH or methylation
was detected in circulating DNA from 63% of patients
(52 of 83) with PCa, compared with 16% for LOH anal-
ysis alone and 34% for methylation analysis alone. As
expected, the range of our dual-platform, multimarker
assay compensated not only for the expected heteroge-
neity of tumor cells (13, 23, 24, 29, 30 ) but also for
varying rates of clearance for free circulating DNA. Our
approach may represent a useful complement to serum
PSA for the diagnosis or surveillance of PCa. In our
study, PSA alone detected 71% of PCa cases, whereas
the combination of PSA, LOH, and methylation de-
tected 89% of PCa cases without increasing the rate of
false-positive results.

Several factors may improve the overall sensitivity
and specificity of our dual-platform molecular assay.
Serial assessment of patient blood may provide addi-
tional sensitivity and may be particularly helpful for
early-stage disease and detection of recurrence. Differ-
ent/additional methylation and LOH markers may in-
crease the assay’s ability to accommodate tumor heter-
ogeneity and differences in the clearance rates of
various lengths of circulating tumor-related DNA. Al-
though the assay had limited correlation with known
diagnostic and prognostic factors of PCa, its sensitivity
in patients with early-stage disease merits its incorpo-
ration into prospective treatment protocols, where it
can be investigated as a monitoring tool. The assays
may be of clinical utility in monitoring patients re-
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ceiving treatment or those with potentially aggres-
sive disease.
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